Prompt assessment of the ecological and physiological status of crop plants in a fi eld area, which may range from a narrow experimental plot to crops on a regional scale (Akiyama, 2007; Muraoka and Koizumi, 2008) , is emerging as a key technology in an agricultural industry that must consider both stable and high-quality production, and environmentally protective practices (Yagi and Minami, 2005) . Precise and timely diagnosis of crop nutrient conditions in a region is essential, for example, in planning appropriate fertilization that could improve sustainability and economization (Moran et al., 1997) . A technique known as "remote sensing" from air-or spacecraft has been extensively tested for practical use in Japan during crop production to collect crop status information (Asaka et al., 2006; Sakaiya et al., 2008; Tanaka et al., 2008) . However, clear skies are not frequent enough during the summer cropping season in Japan to guarantee cloud-free remote sensing images every season (Akiyama and Kawamura, 2003) . Furthermore, annual fl uctuations in air temperature and the amount of insolation, for instance, may affect the crop yield and quality of harvest (Lee and Akita, 2000; Morita, 2000) . On the other hand, air-and space-borne remote sensing usually require a link between remotely sensed data and variables related to crop status in order to build and subsequently validate the methods (Delécolle et al., 1992) . Radiometric measurement with hand-held or ground-based equipment has provided valuable information in effective wavelength bands, basic model structures and model parameters for estimating agronomic information (Milton et al., 2009) . Reflectance measurement in the visible and near infrared wavelengths using the sun as the light source has been widely studied to assess chlorophyll, nitrogen, leaf area, and biomass of various major crops including soy, sorghum, wheat, corn and paddy rice (e.g., Holben et al., 1980; Richardson et al., 1982; Asrar et al., 1985; Baret and Guyot, 1991; Daughtry et al., 2000; Takahashi et al., 2000; Zhu et al., 2007) . Several researchers have been measuring reflectance spectra on the ground to use the detected crop status directly for farm management (Horio et al., 2004) . Takahashi et al. (2003) devised a method of field diagnosis using portable spectroradiometer measurements to advise local farmers on appropriate top-dressing. However, because the methodology principally depends on sunlight for measurement, the unstable nature of solar illumination in an open fi eld due to clouds, haze and change in the sun's position has been a major problem in practical applications of these techniques (Akiyama, 1996) . Various studies have been conducted to resolve this problem by correcting effects on refl ectance due to changes in illumination with time of day, weather conditions, season, soil type, and site location (Kimes, 1983; Shibayama and Wiegand, 1985; Jackson et al., 1992; Vincini et al., 2008) . However, the reliability and accuracy remain poor, and there are few automated refl ectance monitoring techniques to measure the status of fi eld crops at intervals of one day or less.
The present study aims to obtain accurate agronomic growth parameters of field crops non-destructively using spectral imaging techniques based on automated longterm and continuous monitoring, with solar irradiance as the light source. To overcome the instability of solar irradiance, we devised a two-band digital camera enclosed in a waterproof housing, combined with solar irradiance sensors, for collecting as many images as possible during the daytime regardless of the time and weather conditions. An imaging device such as a digital camera, instead of a non-imaging, unified-field-of-view radiometer, allows instantaneous and multiple-site observations without mechanical movement of the sensor (Kharuk et al., 1992; Shibayama et al., 1999) . To reduce equipment costs, we used low-price pocket cameras converted into a two-band imaging device. Low-cost pocket cameras are designed and manufactured mainly for taking snapshots easily, and manufacturers do not usually recommend them for measurement or survey use that requires a high degree of accuracy and stability. Recently, the feasibility of using single-lens refl ex digital cameras for mapping was reported (Kunii and Murai, 2008) . In fact, several authors have shown favorable results using color video or still digital cameras, or multiband cameras equipped with a near infrared band-pass fi lter for assessing crop coverage or leaf greenness (e.g., Kawashima and Nakatani, 1998; Adamsen et al., 1999; Purcell, 2000; Zhou and Robson, 2001; Matsuda et al., 2003; Jia et al., 2004; Ku et al., 2004; Casadesus et al., 2007; Omine, 2007; Takemine et al., 2007; Crimmins and Crimmins, 2008; Okada and Ikeba, 2008; Takada et al., 2009; Sakamoto et al., 2010) .
In the present study, visible red and near infrared band images were collected at 10-min intervals along with solar irradiance data during a complete paddy rice season. The large number of observations, advanced radiometric calibration, midterm validation and statistical analysis of the dataset enabled the extraction of substantial radiometric information that was then utilized for assessing agronomic variables.
Previously, we described the devices and methodology employed in the present study, and shows preliminary results and a method for estimating nitrogen uptake in rice plants ). However, validation for the obtained radiometric values was insufficient, and one of the major agronomic variables, leaf area index (LAI), was beyond the scope of that study. The objectives of the present study were to examine the reliability of estimated spectral imagery employing a calibration procedure, and to develop an empirical equation for estimating LAI of paddy rice using the measured radiometric data. In this attempt, we proposed to include the planting row direction, the azimuth direction of the camera's view and the approximate mean solar azimuth direction as well as the radiometric values.
Materials and Methods

Instruments
A portable dual-band camera system (PDC, Kimura OyoKogei Inc., Saitama, Japan) which contained two digital camera boards, one for visible red (RED, and another for near-infrared (NIR, 820-900 nm), built into a waterproof housing, was used to take measurements. The PDC was installed atop a 12-m-high duralumin telescopic pole (FSP-712X, Fuji Industry Co., Ltd., Chiba, Japan). The detailed specifications of the system have been described ).
Radiometric calibrations
A radiometric calibration for the PDC was carried out before the study at the National Institute for AgroEnvironmental Sciences, Tsukuba, Japan, on 30 April 2008. The procedures were as reported previously . A certifi ed white reference panel (SRT-99-120, Labsphere Inc., North Sutton, NH, USA) was used instead of drafting paper as the reference for the radiometric calibration, because the former refl ects more (>0.96) than the latter (≈0.8), and this larger refl ectance is required to calibrate the NIR band across a wider light intensity range.
Considering the employed measurement configuration and illumination conditions, we use the term "refl ectance factor" (RF) instead of "reflectance" for the radiometric value obtained in the present study. In a strict sense, observations from all directions are required to measure the refl ectance of a target. Because only one view direction was allowed for each targeted spot in this experiment, we supposed that the term "refl ectance factor" would be more appropriate.
Using a portable spectroradiometer (Shibayama and Akita, 2002) , we measured the spectral RF of the targeted paddy field on 13 August 2008. In addition, an on-site validation for the estimated RF values was performed from 3 to 5 September by placing a gray scale board (90×45 cm, GSB) at the center of the PDC sight. The GSB consisted of black, gray and white painted boards with RF values measured in the laboratory of 0.045, 0.27 and 0.82 in RED, and 0.040, 0.27 and 0.80 in NIR, respectively.
Targeted paddy field and agronomic survey
The experimental paddy was located on the campus of the National Institute for Agro-Environmental Sciences in Tsukuba, Japan (36º01´27˝N and 140º06´27˝E, 25 m a.s.l.). Plots of a rice variety (Oryza sativa L. ssp. japonica, cv. 'Nipponbare') were established in two adjacent concreteframed paddy fi elds each measuring 10 m×50 m (Fig. 1) . The seedlings were transplanted into one of the fields using a riding transplanter on 16 May 2008 (early-planted), and into the other fi eld on 2 June (late-planted). Seedlings were planted in approximate northeast-southwest rows with a row width of 30 cm and an inter-hill space of 15 cm. The basal fertilization level was 4 g N m -2 applied with compound fertilizers (N-P 2 O 5 -K 2 O =8-8-8). The experimental design included two topdressing fertilization levels of 4 and 8 g N m -2 , in total, applied with compound fertilizers (N-P 2 O 5 -K 2 O =17-0-17). Half the amount of topdressing fertilizer was applied at the panicle formation stage, and the other half was applied at the full heading stage. In the fi eld of view of the PDC, there were four plots of paddy rice each approximately 5 m ×30 m in size. Panicles headed on 9 August in the plots planted earlier, and on 21 August in the ones planted later.
The growth parameters of the rice plants -plant length (PL, cm), leaf greenness (SPAD, dimensionless) and leaf area index (LAI)-were collected 23 times for the earlyplanted plots, and 24 times for the late-planted plots. This was done from 18 June through 16 October at 4-or 5-day intervals, after the PDC was setup in the field. We measured the leaf area index (LAI) using a plant canopy analyzer (LAI-2000, LI-COR, Inc., Lincoln, NE, USA) and the leaf greenness using a hand-held chlorophyll meter (SPAD-502, Konica Minolta, Inc., Tokyo, Japan). The surveys were conducted at three points in each of the four plots. The three sampling points were denoted as "near", "middle" and "far", and were approximately 8, 18 and 28 m, respectively, from the PDC. We selected the surveyed areas from locations that were closest to the sample points in the PDC images, which will be described later. For each parameter, we made three measurements at each particular point and used arithmetic means for further study.
In addition, three plant hills were sampled from the four plots each survey day during the season. The samples were oven-dried at 70ºC, and the aboveground dry weight (DW g m -2
) was estimated. The sample hills were taken from areas where the removal of plants would not infl uence the PDC images. Ideally, in each established plot, plant growth should be spatially uniform to evaluate the reliability of estimated radiometric variables. If not, it would be difficult to assess the interaction between the effects of a variation in the plants' agronomic variables and the bidirectional refl ectance distribution function (BRDF) of plant canopy, both of which should affect RF values (Kimes, 1983) .
Because there was no replication for the experimental field, we could not examine the data separately for each date. Therefore, we arbitrarily grouped three consecutive measurements made within 10 days. Seven subsets each consisting of data from three consecutive surveys were prepared for further investigations that assessed the uniformity of growth among the locations in the plots by applying analysis of variance (ANOVA) tests. The ANOVA model was applied separately for each plot and subset consisted of the factors "date" (number of levels =3) and "distance from the PDC" (number of levels =3). The means of three agronomic variables were statistically compared using Tukey's HSD test with signifi cance at the 5% level.
Image collection and reflectance factor (RF) calculation procedures
The PDC system was set up on 13 June, 11 days after the second (late) transplanting. The PDC took images at 10-min intervals from 0700 to 1700 JST daily until 20 October. A computer program employed five arbitrarily chosen exposure speeds, 0, 10, 20, 30, and 40 from a possible range of 0 to 80, for both bands. These values are dimensionless and larger values indicate higher sensitivity. The PDC view's azimuth direction was from southwest to northeast, and the view zenith angle was approximately 56º.
The PDC digital output ranged between 0 and 255 (8 bits), and the images measured 640×480 pixels. To adjust the parallax between the RED and NIR images, we obtained simple linear regression equations using six pairs of corresponding coordinates manually chosen as control points from the images of 17 October, in which there remained clear unit sampling imprints in the fields. The coefficients of determination (R 2 ) were 0.99 in both equations for lengthwise and crosswise coordinates.
The mean output value of the central 100×100 pixels of a given image was compared to the upper and lower limits accompanied with the calibration equation for the corresponding band and the exposure speed. When the output value was within the limits, each value in the image was spatially corrected using the equations provided for each band and exposure speed, and then converted to spectral irradiance ( μW cm -2 nm -1
). Essentially, the spectral irradiance should be converted to spectral radiance ( μW cm -2 sr -1 nm -1
). However, assuming the reference panel and targets as uniform diffusers, the spectral irradiance value of the target was divided by the corresponding solar spectral irradiance to derive the RF. We selected three sample points in the central two plots, and two points in each of the two outside plots in the PDC images. The coordinates of the ten sample points in the images were determined manually by marking points close to the agronomic survey areas. The size of sample points in the images was consistently 20×20 pixels for all the plots regardless of the distance between the PDC and the targets (Fig. 1) . The 20 ×20 pixel sample area was determined by the results described in the following section Results 2-(3) .
Results
Agronomic parameters of the experimental plants
The observed LAI varied approximately from 0.2 to 5.9 depending on the growth stage, planting dates and fertilization levels. Although repeated measurements for verification were not conducted in the present study, Yamamoto et al. (1995) reported that the plant canopy analyzer (LAI-2000) could successfully detect paddy rice LAI of 5 or less during the vegetative growth period. The reliability of LAI values might decline after heading due to the shading effect from emerged panicles. The ANOVA tests indicated that the factor "date" was significant (P <0.05) in about 80% of the seven data subsets each consisting of agronomic variables of PL, SPAD and LAI from three consecutive surveys made for the four plots (7×3×4=84 cases in total). On the other hand, the factor "distance" (near, 8 m; middle, 18 m; and far, 28 m from the PDC) was not statistically significant (P >0.05) in 76% of the variables, plots or subsets. For LAI, however, the factor "distance" had statistically signifi cant differences in about one third of the plots and subsets but there was no clear correlation with stage. That is, the "distances"; near, middle and far from the PDC showed irregular and inconsistent infl uence on agronomic variables. We carefully prepared experimental fi elds for plants to be uniformly grown inside each plot. However, it is necessary to understand the extent of non-uniformity in plant growth by comparing the mean values of PL, SPAD and LAI. The means of these three agronomic variables observed at the three distances in the two central plots in the seven 10-day subsets are presented in Table 1 . We summarized the mean values only for the two central plots because the PDC images did not capture the nearest corners in the outside plots (Fig. 1) . The results indicate that only a few of the plots in the early or late growth stages had significantly different PL, SPAD and LAI. The differences in PL and SPAD were less than 10%, with the worst fi gure being 20% in LAI that was observed in the earliest subset (18 -27 June), in which the LAI values were less than 0.5. Hence, there may have been some occasional irregularity in plant growth in each plot but its infl uence on RF at the sample points in each plot was negligible.
Evaluating spectral images of the paddy field
(1) Reflectance factor (RF) estimations using the gray scale board (GSB) Calculated RF values in RED and NIR of the GSB were relatively stable in terms of the employed exposure speed, from 0800 to 1600 JST when solar irradiance exceeded a certain level. In less illuminated conditions, however, RF values showed a sharp increase, and/or considerable fluctuation. Therefore, a minimum spectral irradiance threshold was tentatively given at 20 μW cm -2 nm -1 in both bands for the RF calculations. In RED, means of calculated RF for the 3-day measurement were 0.048 and 0.321 using the black board and gray board, respectively, with a standard deviation of 0.01 and 0.042, respectively. These values agreed well with laboratory-measured RF values of 0.045 and 0.27. However, in the white board observations, image. However, expected band RF values from paddy rice generally do not exceed 0.2 in RED, and surpasses 0.1 in NIR from the maximum tiller number stage to harvest (Shibayama and Akiyama, 1989) . Consequently, we concluded that the validation result was not completely satisfactory, but the obtained RF values were worth testing further with actual rice plant canopies. Based on these results, we fi xed thresholds in solar spectral irradiance for each exposure speed in each band. By comparing the recorded solar irradiance to the thresholds, we could determine whether or not a particular image should be used for the daily-averaging calculation. The minimum spectral irradiance threshold was 20 μW cm -2 nm -1 in both bands. The largest spectral irradiance on a clear-sky day exceeded 100 μW cm -2 nm -1 during the study.
the mean value was 0.835 and standard deviation 0.084. In NIR, the means of calculated RF for the 3-day measurement were 0.150, 0.301 and 0.677 and standard deviations 0.028, 0.033 and 0.060, respectively, using the black, gray and white boards. The calculated RF using the black board fl uctuated between 0.11 and 0.17, which was larger than the laboratory-measured value of 0.04, that using the gray board, fluctuated between 0.25 and 0.32, which was within the laboratory-measured value of 0.27, and that using the white board was appreciably less than the laboratory-measured value of 0.80. These results indicate that the optoelectronic response of the PDC might have problems in terms of linearity, providing that the GSB is a uniform diffuser, and the camera for NIR does not suffer a "blooming effect". This effect produces fringes (or feathers) of light around very bright objects in an (2) Diurnal RF variations in the rice paddy and dailyaveraging calculation The calculated RF values, averaged on 11 July, and 9 and 27 August in a 20 ×20 pixel area from the central part of the early-planted paddy fi eld, were around 0.05 and 0.6 in RED and NIR, respectively (Fig. 2) . These RF values varied little with the time of day except for the hours before 0900 and after 1500 JST, although the solar irradiance must have been changing due to clouds and solar elevation. Spectral RF observations using a hand-held radiometer at a height of 1.5 m looking toward nearly the identical view azimuth direction as the PDC and various view zenith angles varied around 0.05 in the 660-nm band, and ranged between 0.4 and 0.8 in the 830-nm band, respectively (Fig. 3) .
The hand-held observations showed that instantaneous RF was obviously increased along with the view zenith angle. Comparing the RF values taken at around a view zenith angle of 56º, the angle of the PDC's optical axis, the observed RF values using the hand-held radiometer were in approximate agreement with the PDC values in RED and NIR.
To produce seasonal RF signatures, we calculated dailyaveraged refl ectance factor (DARF) values from the data taken from 0900 to 1500 JST each day. We selected images taken at three exposure speeds, 0, 10 and 20 (dimensionless) for RED, and 10, 20 and 30 for NIR. Corresponding to these exposure speeds, the minimum threshold solar spectral irradiance levels, 70, 40, 20 μW cm -2 nm -1 for RED, and 30, 25, and 20 μW cm -2 nm -1 for NIR, were decided from the results of the GSB observations Results 2-(1) . Images taken under less illuminated conditions were omitted from the dailyaveraging calculation. (3) Spatial variations of estimated RF values in the images On a fi ne scale, less than a few centimeters resolution, RF of a plant canopy would not be spatially uniform because there would be sunlit and shaded plant organs and soil/water surfaces, especially in the early growth stages when the canopy closure is incomplete. However, our objective was to estimate the mean RF values from a larger area of the crop field (e.g., square meters) rather than from a pinpoint (e.g., square centimeters). First, we tested the RF variation in terms of the size of the viewing spot in the DARF images of RED and NIR captured on 18 June when the rice canopy did not completely cover the values of the paddy rice in the visible red (RED, and the near infrared (NIR, 820-900 nm) bands on three dates that the weather conditions were mostly sunny or partly cloudy. The sampled point is #2 (see Fig. 1 ). Fig. 3 . The two-band reflectance factor (RF) values measured using a band-pass filter-type hand-held spectroradiometer (Donarec Co., Ltd., Machida, Tokyo) with a fi eld of view of 14º for the experimental paddy fi elds at various view zenith angles at 1330 -1400 JST on 13 August 2008. The observation height was about 1.5 m above the ground, and the view azimuth directions were approximately from southwest to northeast (backscattering).
ground. The sampled spots were located at three positions: near, middle and far from the PDC (Fig. 4a) . DARF values against the number of pixels on the side of the four squareshaped sampling spots indicated that the minimum required area should be a 20×20 pixel square (Fig. 4b) . Secondly, we investigated the estimated DARF values averaged in 20 ×20 pixel squares located at various positions in the images collected on 18 July for fully covered canopies. DARF values on the three horizontal cross-sectional lines indicated that the effects of location within the two planting-date plots were unclear (Fig. 5) .
The DARF values were satisfactorily uniform regardless of the coordinates in the PDC view. This suggests that images were appropriately corrected in terms of spatial distortion due to the optics of the cameras. Finally, the view angle effect on the estimated RF was examined by taking DARF values in 20×20 pixel square spots at various positions in the two central plots on 18 August (Fig. 6) . The coordinates of the spots were converted into the approximate view zenith angles from the PDC. As shown in Fig. 7 , the NIR DARF values showed a slight upward trend with the increase in view zenith angle in the observations from 8 July to 18 August. However, the view angle effect was not as clear as that observed in the hand-held RF measurement (Fig. 3) . We conducted further analyses on the assumption that estimated values averaged for a 20×20 pixel square in the DARF images are nearly uniform in terms of the view zenith angle in the image.
(4) Seasonal variations of DARF in the images During the 130-day period from 13 June to 20 October the device operated all days except 13 July; the cause of the inoperability being unknown. The replacement of the computer hard disk storage system prior to this experiment might have improved the stability and confidence; results from the previous experiment lacked data for at least 20 days in the maturing period and other periods .
Estimating RF and the daily-averaging calculation for each pixel in each band provided RF band images for each day. The seasonal signatures of DARF values in the two bands were smooth and reasonable. On several dark, cloudy and rainy days, no images with sufficient solar irradiance were taken. Thus, there were 12 days without images in RED, and 6 days in NIR. For these days, data were complemented using images taken on the dates before and after the concerned date. The seasonal reflectance patterns in the RED and NIR bands of four points in the fields along with the amount of solar radiation and the duration of sunshine are shown in Fig. 8 (courtesy of the Weather Data Acquisition System of the National Institute for Agro-Environmental Sciences, Tsukuba, Japan). The RF values of less than 0.1 in RED, and from 0.2 to 0.6 in NIR seemed to be in general agreement with our fi eld validations (Fig. 3) . The NIR RF values of the early-planted plots were larger in the beforeheading periods (vegetative growth phase plus panicle development period) than late-planted plots. The difference of the maximum NIR RF values in the early-and late-planted plots was larger than what could be simply explained by the difference in the fi nal LAI values (Table  1) . For instance, despite the almost identical LAI value of 4.0 measured in the early-planted spot# 2 on 16 July and late-planted spot# 5 on 4 August, the corresponding NIR DARF values of the spots# 2 and 5 observed on each date were 0.56 and 0.45, respectively. Not only plant growth, but other factors, such as plot locations and/or observation geometry, should also be taken into consideration. In the RED band, however, there was no clear difference between the early-and late-planted plots except for the initial 10-15 days.
Estimating LAI using PDC RF images (1) Correlation analyses
Correlation coefficients between the daily-averaged radiometric variables from each sample point and the agronomic variables that included PL, SPAD, DW and LAI were calculated for the dataset from the middle sections of the four plots. The DARF values of RED and NIR, along with a widely used vegetation index, the Normalized Difference Vegetation Index (NDVI) [NDVI =(DARF in NIR -DARF in RED)/(DARF in NIR +DARF in RED)], were also calculated for the days of the corresponding plant growth survey. Radiometric variables were collected from the 20×20 pixel square areas centrally located in the four plots. Calculations were made separately for the whole dataset and for the dataset from the before-heading period. Results indicate that DARF in NIR has the largest r-value with LAI, whereas reflectance in RED and the NDVI show statistically significant (P <0.01) but slightly lower r-values (Table 2) . Among the four agronomic variables tested, LAI most closely correlates with the radiometric variables, especially in the before-heading period ( Table 2 ). The largest correlation coefficient for LAI and NIR DARF is 0.91 for the 52 observations (P<0.001) from the before-heading period.
(2) Multiple regression models for LAI estimation with stepwise variable selection We tested a multiple linear regression model (I), shown in Table 3 , that included the RED and NIR DARF values, the NDVI, and two dummy variables of "transplanting date" and "fertilization level" as the predictor variables for estimating the LAI. The data sampled from the four centrally located points in the plots in the before-heading period (observation number =52) was analyzed by regression analysis. Partial regression coeffi cients for RED DARF, NIR DARF and "transplanting date" among the tested variables in the regression model (II) were significant (P <0.01) in statistical t-tests, and the R 2 value was 0.939 (Table 3) . Overall, as shown in Fig. 9a , model (II) performed appropriately for all 10 sample points, including the four centrally located points used to build the model. However, there was a remarkable positive bias from the 1:1 line in the middle range observed, especially in the data from the late-planted plots. In the case of model (III) without the dummy variable of "planting date", the RED and NIR DARF values were highly signifi cant but the R 2 value declined to 0.853. Moreover, the scatter diagram indicates that the fitting of the model is slightly inadequate (Fig. 9b) . The Akaike's Information Criterion (AIC) value of -61.7 was larger than the value -105.3 of model (II), indicating that model (III) was less appropriate than model (II) (Akaike, 1974) . Although the earlier transplanted plants might grow faster than the late-planted ones especially in the early growth period (Table 1) , the transplanting date itself would have basically little effect on the radiometric LAI-RF relationship. Therefore, we inferred that the view azimuth directions for the early-and late-planted plots might be a contributing factor. It was difficult to arrange both early-and late-planted plots in each fi eld, located on both the left-and right-hand side of the PDC, due to a logistical problem with irrigation/ drainage facilities. Hence, unfortunately, there was a complete interaction between the factors of "transplanting date" and "plot position". (3) Introducing relative angles among view, row and meridian directions into the LAI estimation model "Planting date" and "plot position", namely the right-or left-side target as viewed from the PDC, are both static variables. We substituted these with numerical variables representing the actual view direction angles from the Table 3 . Variable selection summaries of multiple linear regressions estimating paddy rice LAI using the daily-averaged refl ectance factor (DARF) values in the RED and NIR bands with and without the dummy variables of transplanting date and fertilization level. The number of observations was 52 for the four middle sample points (spot# 2, 5, 7 and 9 in Fig. 1 (Akaike, 1974) . Fig. 9 . Before-heading period LAI of paddy rice estimated with a multiple linear regression model consisting of dailyaveraged refl ectance factors (DARF) in RED and NIR, with (a) and without (b) a dummy variable of "transplanting date" versus LAI measured using LAI-2000. The model equations identifi ed as "II" and "III" are shown in Table 3 . They were derived from a dataset collected from the four middle sample points (spot# 2, 5, 7 and 9 in Fig. 1 ) and then applied to all ten sample points.
PDC to the target spot as well as from the position of the sun. The rice plants were planted in rows that ran from the foot of the PDC pole to the far side of the PDC view, in long rectangular-shaped plots. Moreover, the row direction was not parallel to the meridian. Although the DARF calculation used data collected from 0900 to 1500 JST, the meridian passage of the sun may need to be one of the model parameters. This would be much easier than taking the instantaneous solar position for each PDC shot. Assuming the view direction affects the LAI-RF relationship, we introduced the following two angles (Fig. 10) . The fi rst was the angle between a line from the PDC to the center of the target area and the row running through that target (A, degrees). The second was the angle between a line from the PDC to the target area and the meridian (B, degrees). For both angles, we considered only the horizontally projected geometry, and neglected the angular confi guration in the vertical profi le because this was only a preliminary attempt, and there was no remarkable difference in DARF values in terms of the view zenith angle of the PDC (Fig. 7) . The regression analyses with stepwise variable selection used the cosine values of angles A and B as well as the DARF values to estimate the LAI (model (IV) in Table 4 ). The angles A and B of the 10 sample points ranged from 3.7º to 28.6º, and from 20.4º to 73.6º, respectively. The cosine A values were between 0.88 and 0.99, and the values of cosine B varied from 0.28 to 0.94. For the dataset from the middle sample points in each plot during the before-heading period, the variables cosine A and cosine B were both highly signifi cant as was NIR DARF (P<0.0001) in the fi nal model (V). The R 2 value of 0.926 was rather close to that given by the previous model (II) with the dummy variable of "transplanting date". The AIC value -95.0 for model (V) indicated that it performed better than model (III) but not as well as model (II). For some reason, RED DARF was not a signifi cant variable in this model. We then applied model (V) for the entire dataset from the 10 sample points, and the scatter diagram showed a favorable match between measured and estimated LAI values (Fig. 11) . There is no obvious bias or skew in the scattering of data around the 1:1 line for either the early-or late-planted plots. The root mean square errors (RMSE) and r-values for the late-planted plots were slightly better with model (V) than with models (II) and Table 4 . Variable selection summaries of multiple linear regressions estimating paddy rice LAI using RED and NIR DARF values, NDVI, the cosine of the angle between the view and planting row direction (Cos A), and the cosine of the angle between the view and meridian directions (Cos B). The number of observations was 52 from the four middle sample points (spot# 2, 5, 7 and 9 in Fig. 1 (III) (Fig. 9) . The skew in the distribution pattern in the scattered data points shown in Figs. 9a and 9b was obviously reduced in the results of model (V), as shown in Fig. 11 .
Discussion
In a previous experiment using only a single exposure speed for each band , the RF values estimated were too low in RED (0.01-0.1) and too high in NIR (0.2-0.95). In the present study, the calibration just before commencing observations made it possible to use three exposure speeds for each band, which expanded the available irradiance range to obtain a larger number of images. The field validation during the measurement period provided the solar spectral irradiance thresholds employed in the DARF calculations. We conducted the calibration more carefully under stable weather conditions and higher reference light intensity to obtain reliable parameters to estimate RF values in the present study. Both the validation with the GSB and the comparison with data from another spectroradiometer during the experiment showed that the method could provide reasonable RF values for rice plant canopies in the two wavelength bands. The results of our study suggest that even low-cost digital cameras could be used for collecting at least daily-averaged reflectance factor (DARF) values from crop fi elds. Instantaneous RF values may be necessary for more defi nitive objectives, but DARF values can serve most purposes for crop diagnosis. Our point is to sum up the instantaneous RF estimates into DARF values, which might reduce variation and noise due to changes in illumination (light intensity and direction).
Spatial variation should also be taken into consideration for image measurement. The spatial correction technique employed and calibration parameters for the cameras should work as well. A certain uniformity in the established crop plots was required to confirm the effectiveness of these calibrations, especially between the near, middle and far positions. As previously described, there was little variation in LAI or other agronomic variables among the near, middle and far points ( Table 1) . As we had concern over variation in soil fertility and/or planting density in each plot, and considering that the study dealt with open fi eld crop plants, the resultant differences in the means of agronomic variables due to distance seemed to be small and inconsistent during the season.
Due to the bird's-eye-view observations, angular effects might influence PDC outputs for reflected light from different positions in the viewing sight. The view zenith angles for the sample points in the images varied from approximately 34º for the nearest central points to 56º for the middle, and 68º for the far central points. Reflected light from inter-hill spaces, which are actually soil and water surfaces in a paddy, should be relatively more detectable in the sample points closer to the PDC than the more distant points. In addition, RF generally tends to increase along with an increase in the view zenith angle, which was obvious in our hand-held radiometry measurements (Fig. 3) . This is due to the bidirectional refl ectance distribution function (BRDF) characteristics of the vegetation canopy itself (Kimes, 1983) . In the present study, RF values of approximately 0.05 -0.1 in the RED band and 0.2-0.6 in the NIR band may be about 1.5-times larger than previous results for rice paddies reported by other authors (Martin and Heilman, 1986; Shibayama and Akiyama, 1989; Zhu et al., 2007) . The difference might be due to the fact that our observations were made at offnadir view directions, but the previous authors measured targeted canopies from the nadir view direction (Shibayama and Wiegand, 1985) . However, apart from the difference in the absolute values of RF, the effect of the view zenith angles was not clearly evident in the DARF images even though NIR DARF values measured from early July to mid August demonstrated a slight upward trend along with the view zenith angle (Fig. 7) . This might be partly due to the fact that the daily-averaging procedure, which includes data taken under sunny, cloudy and overcast conditions as well as at various solar positions, may have reduced the effects of BRDF in the plant canopies. The daily-averaging procedure may obscure the effects of geometry between illumination and viewing directions. The fi xed sample area of 20×20 pixels might also reduce the spatial variation among the sample locations. Hence, the simplistic approach of the present study neglected the Table 4 was derived from a dataset collected from the four middle sample points (spot# 2, 5, 7 and 9 in Fig. 1 ) and then applied to all ten sample points.
view zenith angle effect on DARF. More detailed investigations, however, will be required in future applications. The deviation in RF values due to the viewing angle needs to be investigated further in perfectly arranged experimental fi elds in different years and under various conditions. Although further replication is required, but the results of the present study indicate that DARF estimates from a certain area in the view fi eld of the PDC could be reliable as a fi eld radiometric measure. Automated observations for radiometric data that estimate agronomic variables would enable the comparison of year-to-year trends in crops' eco-physiological responses to environmental changes. Since it requires little labor cost to store the data, observations over several years are feasible for precise analysis and evaluation to plan for optimum farm management. As the system continuously measures refl ectance, even if the observed area is rather restricted, it may help compensate satellite or airborne remote sensing when weather conditions prohibit a satellite or airplane from taking timely images for specific objectives. To monitor phenological changes in a forest, we installed weatherproof spectroradiometers and/or digital cameras with fisheye lenses on towers (Shibayama et al., 1999; Hilker et al., 2007; Nishida, 2007; Richardson et al., 2007) . However, there have been few studies on automatically estimating and recording seasonally continuous visible and near infrared narrow band reflectance images for crop canopies. Fixed-point observations for reflectance provided by multi-site PDC systems aid in collecting basic information for satellite remote sensing to spectrally identify crop species using their seasonal change patterns (Sakamoto et al., 2005) .
The scatter diagram of estimated and measured LAI values obtained using the simple regression model without the dummy variable of "planting date", which was actually the right and left fields as seen from the position of the cameras, showed a curved line around the 1:1 straight line (Fig. 9 b) . Moreover, the asymptotic values of NIR DARF of the late-planted plots were 60-70% of the corresponding values of the early-planted plots during the period from 28 Jul to 27 Aug (DOY210-DOY240) (see Fig. 8 ), although fi nal LAI values of late-planted plots were no less than 85-95% of the early-planted plots (Table 1) . These facts might indicate that the initial models (II and III) describe only a part of the experimental results, and "observation direction" instead of "planting date" played an essential role. Because the frontal direction of the PDC was not aligned with the meridian (Fig. 10) , view azimuth angles for the observed targets in the DARF image might have greater effect on the illumination-view relationship during the daily measurement period that started and ended at fi xed times of the day (0900 to 1500 JST).
We introduced the two angular variables based on the camera's view direction, planting row and the meridian. It was expected that a parameter including angle A might correct the effects on reflected light from combined targets that consist of soil and/or water surface, and shaded and lit foliage. The diversification of targeted objects in a spot viewed from the PDC would be particularly important when the plants are planted in rows and the vegetation cover is still incomplete. Angle B was simply introduced to partly correct the BRDF effect on RF measured at given illumination and reflection angles. Angles A and B are both determined with reference to the view azimuth direction. In other words, they indicate the view direction relative to the planting row and the mean solar position. Hence the effects of the interaction between the sun and planting row direction were not directly considered in the model. The experiment simply shows that the meridian direction might represent the transient sun position in the statistical model covering over twomonth period based on the daily-averaged RF as an effective parameter. The BRDF effect is too complicated to be completely solved by a single parameter; but these variables are easy to measure with no additional information, particularly in terms of changing plant canopy parameters (plant growth). One of the advantages of introducing the angles A and B is that the skew in the distribution pattern in the scattered data points shown in the results of the model using them (Fig. 11) was less conspicuous than in the results of models with the dummy variables (Figs. 9a and 9b ). This fact indirectly supports the usefulness of angles A and B in the model, although the causes have not yet been clearly determined. Preliminary results indicate that the newly introduced variables succeed in replacing the dummy variables although further tests in various cropping periods, site locations, planting rows and view directions, which are all affecting view and illumination geometry, are required to prove the validity and functions of the angular parameters A and B in the model.
The flat diurnal patterns of RF indicate that the sun position as well as clouds had little effect on the observed instantaneous RF values (Fig. 2) . Moreover, there was little difference in DARF observed for the points spread over in the single-day DARF images (Figs. 4, 5 and 7) . Those tests primarily show that little unnatural distortion or unevenness existed in the DARF images due to instrumentation problems. As a result, however, the present study neglected view-and sun-angle effects on RF values in the initial stage of analyses. The degree of BRDF effect could be reduced and inconspicuous on a short-term basis due to the employed observation method including the dailyaveraging of RF values taken at various weather conditions, measurement deviation and/or noise. However, it may not be completely diminished and thus might affect the longterm and/or wide-range DARF outcomes. In future studies, other angular parameters, as well as A and B, such as the view zenith angle and the instantaneous solar position that were ignored in the present study, should be examined to improve the accuracy of radiometric prediction of LAI and other variables.
Our empirical solution, however, may only be useful under restricted conditions: bird's-eye-view observations, DARF calculations, row-planted crops, and mean DARF values for a sample area. It is necessary to investigate the effects of the proposed angular variables in further field observations, as well as in the physical modeling for the canopy in terms of light-plant-soil interactions (Jacquemoud et al., 2009) . Although most existing models simplify actual vegetation canopy into homogeneous leaf layers, the parameters of planting row, for instance, have been introduced into some advanced studies (Cheng et al., 2006; Yao et al., 2008) . Hence, our simple and low cost methodology may effectively be evaluated and/or improved by applying these computer models.
Another fact is that model (V) requires only one spectral band in NIR as the radiometric variable among the three independent variables (Table 4 ). This means that the system needs only a single set of camera boards and optical filters; simplifying the entire instrument and drastically reducing the associated costs. In the regression analyses, NDVI was inferior to the NIR DARF as an independent variable (Tables 3 and 4 ). In the present study, NDVI was derived using DARF values in RED and NIR instead of instantaneous RF values. This "pseudo NDVI" might not be effective because correction for solar insolation, one of the major functions of NDVI, did not necessarily work properly. However, even daily-averaged NDVI using instantaneous RF values was shown to be relatively ineffective in the previous work ). Refl ectance calculation using solar irradiance sensors may replace vegetation indices, such as NDVI, that have been used to compensate for illumination conditions. It also permits us to use each single band RF separately as an independent variable in the regression models.
Our trial on estimating rice LAI using DARF images has provided regression models only for the before-heading period. In a comparative study to estimate wheat LAI using various indices derived from spectral band RF values observed on the ground, Wiegand et al. (1992) presented separate regression equations for the pre-LAI maximum portion and the post-LAI maximum portion. Vaesen et al. (2001) measured spectral signatures of paddy rice canopies using a hand-held spectroradiometer to investigate their predictive power with respect to LAI, and concluded that a growth-stage-dependent variable improved the capability of the models. For maturing stages, different model equations should be built and used to predict LAI, because of the presence of headed panicles, and senescence and/or etiolation of leaves during progressive maturation.
In comparison to plant length and number of stems, LAI has been measured less frequently in agricultural experiments and surveys due to the requirement for expensive equipment such as leaf area meters, plant canopy analyzers, and/or time-consuming operations. If measuring LAI were more efficient and cost-effective, it would be more widely used because it directly indicates one of the major elements for photosynthetic production.
Conclusions
The present study indicated that low cost digital cameras, solar sensors and calibration procedures were adequate to derive daily-averaged reflectance factors (DARF) in the RED and NIR bands throughout the cropping season of paddy rice. The NIR DARF image observations as well as the view azimuth, planting row and the meridian directions were functional in a regression equation for estimating LAI during the period of vegetative growth. In principle, labor or time will not be required for surveying once the regression model and its coefficients are initially fixed, but further investigation is needed to refine the model equation in terms of the view and illumination directions and the canopy's structural geometry. By applying this technique for automatically collecting accurate ground data and/or compensating for a lack of satellite images due to cloud cover, wider scale cropping management using airborne or satellite sensors looks promising.
